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(54) POROUS BEADS AND PROCESS FOR PRODUCING THE SAME 



(57) Disclosed is substantially spherical porous 
beads of an aromatic polyether ketone resin, which have 
an average particle diameter of 50 to 5,000 iim and a 
porosity of 40 to 99 %. Also disclosed is a method for 
producing porous beads, which comprises: mixing, 
while heating, an aromatic poiyether ketone resin with 
a solvent capable of dissolving the resin to thereby ob- 
tain a resin solution; dispersing the resin solution in a 
liquid dispersion medium which is incapable of dissolv- 
ing the resin and is non-miscible with the solvent, to 
thereby obtain a dispersion having the resin solution dis- 
persed therein in the form of globules; cooling the dis- 
persion while maintaining the dispersed form of the resin 
solution in the liquid dispersion medium, to thereby so- 
lidify the resin in the resin solution; and separating the 
solidified resin from a mixture of the solvent and the liq- 
uid dispersion medium, thereby obtaining substantially 
spherical porous beads of the aromatic polyether ketone 
resin. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to porous beads. More particularly, the present invention is concerned with 
substantially spherical porous beads of an aromatic polyether ketone resin, which have an average particle diameter 
of 50 to 5,000 u.m and a porosity of 40 to 99 %. The porous beads of the present invention have various excellent 

10 properties, such as high resistance to heat and chemicals, and a high capability to prevent dust generation, and by 
virtue of these excellent properties, the porous beads of the present invention can be advantageously used as various 
carriers for separation of a substance (such as a carrier for chromatography and an enzyme-immobilized carrier) and 
as filter materials for use in the field of water treatment. Especially, the porous beads of the present invention have not 
only a high heat resistance, but also a high resistance to hydrolysis, a high capability to prevent dust generation and 

15 a high porosity, and exhibit only a small pressure loss and, hence, the porous beads of the present invention can be 
advantageously used as filter materials for treating a heater drainage and the like from a nuclear power plant or a 
thermal power plant, in which the treatment is conducted by contacting the filter material with the heater drainage to 
remove impurities, such as ferric components, from the drainage. Further, the present invention is also concerned with 
a method for producing the above-mentioned porous beads having high resistance to heat and chemicals, and a high 

20 capability to prevent dust generation . By the use of the method of the present invention, it becomes possible to produce 
porous beads having a desired average particle diameter and a desired porosity, with ease. 

Prior Art 

25 [0002] A polyether keto'ne resin is a resin having a high chemical stability, which has, for example, high resistance 
to heat and solvents. One example of the aromatic polyether ketone resin is a poly(oxy-1 ,4-phenylene oxy-1 ,4-phe- 
nylene-carbonyl-1,4-phenylene) which is generally known as poly (ether ether ketone) or PEEK. PEEK has a high 
melting point (334 °C) and a high glass transition temperature (143 °C), and is a thermoplastic, crystalline polymer 
having excellent properties, such as a high heat resistance, a high chemical stability and a high resistance to hydrolysis. 

30 The high chemical stability of PEEK is an advantageous and useful property for a membrane and, hence, it has been 
attempted to use PEEK for production of membrane filters (in the form of porous hollow fibers, porous flat membranes 
and the like) since a long time ago. However, when PEEK is used as a material for producing porous materials, such 
as porous hollow fibers and sheet-type separation membranes, by wet process or thermally induced phase separation 
process, the types of solvents and the temperatures, which both can be employed for the production of the porous 

35 materials, are limited due to the intrinsic high chemical stability of PEEK. Therefore, it has been difficult to produce 
porous materials from PEEK. 

[0003] Unexamined Japanese Patent Application Laid-Open Specification No. 4-1 70445 discloses porous micropar- 
ticles of an aromatic polyether ketone resin. The porous microparticles disclosed in this patent document have a small 
particle diameter, namely only 1 u.m to 40 \un, so that the use of such microparticles as a separation carrier or a filter 

40 material is accompanied by the following problems. 

[0004] When particulate porous materials (porous particles) are used as a separation carrier or a filter material, in 
general, a packed bed of the porous particles is provided in a column (or a tower) having, at a lower portion thereof, 
a porous support for retaining the porous particles, and a liquid is passed or filtered through the packed bed. When 
the particle diameter of the porous particles is small, the pressure loss becomes large, so that it is difficult to prepare 

45 a packed bed having a satisfactory thickness. In addition, when the pore diameter of the porous particles is small, there 
is a necessity to decrease the pore diameter of the porous support and in turn the small pore diameter of the porous 
support causes an increase in pressure loss. 

[0005] In order to increase the throughput of a separation or filtration apparatus, it is necessary to increase the 
number of columns (towers) and/or the surface area of the porous support. A conceivable measure for increasing the 

so surface area of the porous support is to use, as the porous support, a hollow fiber filter, a pleats filter or the like (which 
has a large surface area per unit volume thereof), which has formed thereon a coating (formed by deposition) of the 
porous particles. However, when such hollow fibers having a coating of porous particles are used in a filter module for 
use in an application field where the heat stability and chemical stability of PEEK are important, for example, in a filter 
module for removing impurities, such as ferric components, from hot water (such as a heater drainage and the like 

55 from a nuclear power plant or a thermal power plant) or for the treatment of polar solvents, the use of the filter module 
encounters problems of poor heat resistance and solvent resistance of the materials (other than PEEK) used for pro- 
ducing the filter module. Specifically, for example, in a hollow fiber module prepared by fluid-tightly fixing a bundle of 
hollow fibers in a module casing, the low heat resistance and solvent resistance of an adhesive used for fixing the 
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follow fibers to the module casing are likely to become serious problems in the treatment of the above-mentioned hot 
water. 

[0006] As examples of materials for producing the filter modules, which materials need to exhibit high resistance to 
heat and solvents, there can be mentioned a sintered filter made of stainless steel and a stainless steel filter Even 

5 when these materials are used, the increase in the surface area for increasing the throughput of the filter modules is 
accompanied by problems that the construction of the column (or tower) becomes complicated and that the whole 
apparatus, including the column (or tower), becomes large, thereby increasing the cost of equipment. 
[0007] Further, Unexamined Japanese Patent Application Laid-Open Specification No. 4-170445 discloses porous 
microparticles of an aromatic polyether ketone resin. The porous microparticles disclosed in this patent document have 

10 thin scale-like or thread-like projections (hereinfater, frequently referred to simply as "projections") of the polymer con- 
stituting the particles. When such particles get in contact with each other, the projections come off the particles and 
generate dust. Therefore, when the porous microparticles disclosed in this patent document are used, for example, 
for filtration, the filtration will be accompanied by a pressure loss which is caused not only due to the small particle 
diameter of the microparticles, but also by the dust generated from the projections which have come off the micropar- 

15 tides. 

[0008] In addition, when such microparticles (beads) which are likely to generate dust are packed in a column and 
used for filtration, the filtration will be accompanied by not only a large pressure loss, but also a serious problem that 
the dust itself becomes a waste which harmfully affects the filtration operation. Specifically, most of the projections 
which have come off the particles are accumulated on the porous support of the column, while some of the projections 

20 pass through the porous support. In general, the pore diameter of the porous support is designed taking into consid- 
eration the particle diameter of the particles used as a separation carrier and, thus, the projections (having a size far 
smaller than that of the particles) which have come off the particles easily pass through the pores of the porous support. 
The dust (projections) which has passed through the porous support moves through various conduits and causes 
clogging in other equipment connected to the filtration apparatus. For example, the dust is caused to adhere to the 

25 inner walls of the conduits of the heat exchanger, thereby forming scale-like deposits, which cause problems, such as 
a marked lowering of the heat conductivity. 

SUMMARY OF THE INVENTION 

30 [0009] In this situation, the present inventors have made extensive and intensive studies with a view toward devel- 
oping porous beads which not only have excellent resistance to heat and chemicals, but also exhibit only a small 
pressure loss, so that the beads can be used for the filtration of a large volume of hot water or for the adsorption of 
impurities contained in hot water. As a result, it has unexpectedly been found that, when porous beads are produced 
by a method mentioned below, the produced porous beads not only have a large average particle diameter and a high 

35 porosity, and exhibit a pressure loss which is very small, but also have high resistance to heat, chemicals and hydrolysis. 
The method comprises: mixing, while heating, an aromatic polyether ketone resin with a solvent capable of dissolving 
the resin to thereby obtain a resin solution; dispersing the resin solution in a liquid dispersion medium which is incapable 
of dissolving the resin and is non-miscible with the solvent, to thereby obtain a dispersion having the resin solution 
dispersed therein in the form of globules; cooling the dispersion while maintaining the dispersed form of the resin 

40 solution in the liquid dispersion medium, to thereby solidify the resin in the resin solution; and separating the solidified 
resin from a mixture of the solvent and the liquid dispersion medium. Further, with respect to the porous beads produced 
by the above-mentioned method, the present inventors have found that the porous beads have continuous pores in a 
three-dimensional network, that porous beads are smooth and, hence, are unlikely to generate dust, and that the 
porous beads are skinless. 

45 [0010] The present invention has been completed, based on the above-mentioned novel findings. 

[0011] Accordingly, it is an object of the present invention to provide porous beads which can be used as a filter 
material or adsorbent which not only has high resistance to heat, chemicals and hydrolysis, but also has an excellent 
capability to prevent dust generation and high mechanical strength, and exhibits a pressure loss which is very small. 
[0012] It is another object of the present invention to provide a method for producing porous beads, which is advan- 

so tageous in that the particle diameter and porosity of the porous beads can be easily controlled. 

[0013] The foregoing and other objects, features and advantages of the present invention will be apparent to those 
skilled in the art from the following detailed description and the appended claims taken in connection with the accom- 
panying drawings. 

55 BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] In the drawings: 
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Fig. 1 is an electron photomicrograph (x 100) showing a plan view of the whole body of one of the porous beads 
produced in Example 1 ; 

Fig. 2 is an electron photomicrograph (x 80) showing a cross-section of the whole body of one of the porous beads 
produced in Example 1 , wherein the photomicrograph is taken from directly above the cross-section of the whole 
5 body of the porous bead; 

Fig. 3 is an electron photomicrograph of a part of a cross-section of one of the porous beads produced in Example 

1 , wherein the photomicrograph is taken, at an inner peripheral portion of the porous bead, from directly above 
the part of the cross-section of the porous bead, with a high magnification (x 10,000); 

Fig. 4 is an electron photomicrograph of a part of the outer periphery of one of the porous beads produced in 
10 Example 1 , wherein the photomicrograph is taken, at a central portion of the outer periphery of the porous bead, 

with a high magnification (x 10,000); 

Fig. 5 is an electron photomicrograph (x 60) showing a plan view of the whole body of one of the porous beads 
produced in Example 2; 

Fig. 6 is an electron photomicrograph (x 40) showing a cross-section of the whole body of one of the porous beads 
is produced in Example 2, wherein the photomicrograph is taken from directly above the cross-section of the porous 

bead; 

Fig. 7 is an electron photomicrograph of a part of a cross-section of one of the porous beads produced in Example 

2, wherein the photomicrograph is taken, at an inner peripheral portion of the porous bead, from directly above 
the cross-section of the porous bead, with a high magnification (x 10,000); 

20 Fig. 8 is an electron photomicrograph showing a plan view of a part of the outer periphery of one of the porous 

beads produced in Example 2, wherein the photomicrograph is taken, at a central portion of the outer periphery 
of the porous bead, with a high magnification (x 10,000); 

Fig. 9 is an electron photomicrograph (x 200) showing a plan view of the whole body of one of the porous beads 
produced in Example 3; 

25 Fig. 1 0 is an electron photomicrograph (x 1 70) showing a perspective view of a cross-section of the whole body 

of one of the porous beads produced in Example 3; 

Fig. 11 is an electron photomicrograph of a part of the outer periphery of one of the porous beads produced in 
Example 3, wherein the photomicrograph is taken, at a partial profile portion of the porous bead, from directly 
above the part of the outer periphery of the porous bead, with a high magnification (x 3,000); 
30 Fig. 12 is an electron photomicrograph showing a'plan view of a part of the outer periphery of one of the porous 

beads produced in Example 3, wherein the photomicrograph is taken, at a central portion of the outer periphery 
of the porous bead, with a high magnification (x 3,000); 

Fig. 13 is an electron photomicrograph of a part of a cross-section of one of the porous beads produced in Example 

3, wherein the photomicrograph is taken, at an inner peripheral portion of the porous bead, from directly above 
35 the part of the cross-section of the porous bead, with a high magnification (x 3,000); and 

Fig. 1 4 is an electron photomicrograph of a part of a cross-section of one of the porous beads produced in Example 
3, wherein the photomicrograph is taken, at an inner peripheral portion of the porous bead, with a high magnification 
(x 3,000). 

40 DETAILED DESCRIPTION OF THE INVENTION 

[0015] In one aspect of the present invention, there is provided substantially spherical porous beads of an aromatic 
polyether ketone resin, which have an average particle diameter of 50 to 5,000 urn and a porosity of 40 to 99 %. 
[001 6] For easy understanding of the present invention, the essential features and various embodiments of the 
45 present invention are enumerated below. 

1. Substantially spherical porous beads of an aromatic polyether ketone resin, which have an average particle 
diameter of 50 to 5,000 urn and a porosity of 40 to 99 %. 

50 2. The porous beads according to item 1 above, wherein the aromatic polyether ketone resin is a thermoplastic, 

crystalline polymer having a glass transition temperature of at least 130 °C. 

3. The porous beads according to item 1 or 2 above, wherein the porous beads have all of the following charac- 
teristics: 

55 

(1) the porous beads have continuous pores in a three-dimensional network, 

(2) the porous beads are smooth, and 

(3) the porous beads are skinless. 
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4. A method for producing porous beads, which comprises: 

(a) mixing, while heating, an aromatic polyether ketone resin with a solvent capable of dissolving the resin to 
thereby obtain a resin solution; 
5 (b) dispersing the resin solution in a liquid dispersion medium which is incapable of dissolving the resin and 

is non-miscible with the solvent, to thereby obtain a dispersion having the resin solution dispersed therein in 
the form of globules; 

(c) cooling the dispersion while maintaining the dispersed form of the resin solution in the liquid dispersion 
medium, to thereby solidify the resin in the resin solution; and 
10 (d) separating the solidified resin from a mixture of the solvent and the liquid dispersion medium, thereby 

obtaining substantially spherical porous beads of the aromatic polyether ketone resin. 

5. The method according to item 4 above, wherein the mixing of the resin with the solvent in step (a) is performed 
at a temperature of 200 °C or higher. 

15 

6. The method according to item 4 or 5 above, wherein the solvent consists essentially of carbon, hydrogen and 
oxygen atoms. 

[0017] Hereinbelow, the present invention will be described in detail. 
20 [001 8] The porous beads of the present invention are composed of an aromatic polyether ketone resin. In the present 
invention, the aromatic polyether ketone resin means a resin comprising recurring units each independently represent- 
ed by following formula (1): 



25 



(-0-Ar'4_f-0-Ar-) n (1) 



wherein each of Ar and Ar* independently represents an aromatic group, wherein Ar contains at least one diaryl 
30 ketone linkage, and each of Ar and Ar* is covalently bonded to an ether group at an aromatic carbon atom of the 
aromatic group Ar or Ar 1 ; m represents an integer of from 0 to 2; and n is 1 or 2. 

[0019] Specific examples of Ar groups include groups respectively represented by the following formulae: 



35 



P 

40 and 



45 



50 



55 



C 






CO 



wherein each of p and q independently represents an integer of from 1 to 3. 
[0020] Specific examples of Ar* groups include groups respectively represented by the following formulae: 
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and 



co-0" 



[0021] In the present invention, it is especially preferred that the aromatic polyether ketone resin comprises recurring 
units each independently represented by formulae (2) to (18) below. The aromatic polyether ketone resin used in the 
present invention may be a homopolymer consisting of any one of the below-mentioned recurring units, or a copolymer 
comprising two or more different recurring units. Further, the aromatic polyether ketone resin can be a mixture of two 
or more different homopolymers or copolymers. 



(2). 



(3). 




(4). 




(5), 




(6). 



(7), 
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(8), 



(9), 



(10). 



(12), 



(13). 



(16). 



and 
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(18) 



[0022] In the above-mentioned formulae (2) to (18), a part or all of the hydrogen atoms contained in the aromatic 
rings may be replaced by a substituent. Examples of substituents include a halogen atom, a nitro group, a nitrile group, 
an amino group, a phenoxy group, a phenyl group, a biphenyl group, an alkyl group, a hydroxyl group and substituents 
respectively represented by the following formulae: 



CHj 
C 



in, 



and 



9 H » OH 
^/•~:v"-' h 



CH 3 



[0023] Generally, each of the terminals of the aromatic polyether ketone resin used in the present invention is inde- 
pendently a phenyl group, a halogen atom, a biphenyl group, a nitrile group, a nitro group, a phenoxy group or a group 
represented by the following formula: 
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[0024] Further, the aromatic polyether ketone resin may contain recurring units other than represented by formula 
(1) above so long as the inherent advantageous properties of the aromatic polyether ketone resin are not markedly 
lowered. Specifically, the aromatic polyether ketone resin may contain the following comonomer units: 



-0©*0,<®@S0,.®. , 

-o@-s.®*o,.®. 



-0®f®*<®SO,-®. 
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5 



10 



15 



20 



25 




and 

„ CN 

35 [0025] In the present invention, from the viewpoint of achieving excellent heat resistance and chemical stability, it is 
preferred that the porous beads are produced from an aromatic polyether ketone resin which is a thermoplastic, crys- 
talline polymer having a glass transition temperature of at least 130 °C. Specifically, it is preferred to use an aromatic 
polyether ketone resin which is a homopolymer comprising any one of the recurring units represented by formulae (2) 
to (6) above, namely a polyether ketone (PEK) unit, a polyether ether ketone (PEEK) unit, a polyether ketone ketone 

40 (PEKK) unit, a polyether ether ketone ketone (PEEKK) unit and a polyether ketone ether ketone ketone (PEKEKK). 
Among these, especially preferred are a homopolymer comprising PEK units, each represented by formula (2) above, 
and a homopolymer comprising PEEK units, each represented by formula (3) above. Such aromatic polyether ketone 
resins are advantageous in that they not only exhibit excellent heat resistance and chemical stability, but also are 
commercially available and can be obtained with relative ease. 

45 [0026] The average pore diameter of the porous beads of the present invention is 50 u.m to 5,000 u.m. When the 
porous beads have an average pore diameter of less than 50 u.m, it is not practical to pack such beads in a column 
(or tower), because the pressure loss becomes large. On the other hand, when porous beads having an average pore 
diameter of more than 5,000 nm are packed in a column (or tower), gaps formed between the porous beads in the 
column become large, thereby causing disadvantages that the filtration efficiency is lowered and that the surface area 

50 of the beads per unit volume of the column (or tower) is decreased, so that the porous beads packed in the column do 
not exhibit satisfactory adsorption efficiency. The average pore diameter of the porous beads is preferably from 100 
Urn to 4,500 u,m, more preferably from 150 ujti to 4,000 ujti, most preferably from 200 urn to 3,500 u.m. When the 
porous beads having such an average pore diameter are packed in a column (or tower), the packed beads exhibit a 
small pressure loss, a good balance of the volume of gaps (formed between the beads) and the surface area of the 

55 beads, and a high adsorption efficiency. 

[0027] The pore diameter of the porous beads can be measured by various methods, for example, by using an optical 
microscope, a scanning electron microscope, a laser scattering particle size distribution analyzer, and the like. In the 
present invention, the average pore diameter of the porous beads is measured using a laser scattering particle size 
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distribution analyzer. However, it is difficult to measure particle diameters of large beads having a particle diameter of 
1 ,000 u.m or more by the laser scattering particle size distribution analyzer. Therefore, with respect to such large beads, 
the long axis and short axis of each of the bead are measured under the scanning electron microscope, and the average 
of the long axis and the short axis is defined as the particle diameter of the bead. 
5 [0028] The porous beads of the present invention are substantially spherical, and there is no particular limitation to 
the sphericity of the porous beads. With respect to each of the porous beads, it is preferred that the ratio of the long 
axis to the short axis is 1 .8 or less, more advantageously 1 .5 or less. 

[0029] The porous beads of the present invention have a porosity of 40 to 99 %, preferably 45 to 97 %, more preferably 
50 to 95 %. The porous beads having a porosity within the above-mentioned range are advantageous from the viewpoint 
10 of practical use, because such porous beads have a good balance of specific surface area and strength, and exhibit 
properties which are necessary for an adsorbent, a separation carrier or a filter material. When the porosity is less than 
40 %, the performance of the porous beads used as an adsorbent, a separation carrier or a filter material becomes 
unsatisfactory. On the other hand, when the porosity is more than 99 %, the strength of the beads becomes insufficient 
for practical use. In the present invention, the "porosity" of the porous beads is defined by the following formula: 

15 

W- -W 0 
Pr= ! WxlOO 

W 1 -W 0 + -^ 

20 

wherein Pr represents the porosity (%), W., represents the wet weight (g) of the beads, W 0 represents the dry 
weight (g) of the beads, and p represents the specific gravity of the raw material aromatic polyether ketone resin. 
[0030] The wet weight (Wj) and dry weight (W 0 ) of the porous beads are determined in the following manner. First, 
1 g of dried porous beads are added to 1 00 ml of ethanol to saturate the porous structures of the beads with the ethanol. 

25 Next, the ethanol containing the beads is filtered through a filter paper, thereby recovering the wet beads. The recovered 
wet beads as such (without being dried) are dispersed in water and filtered through a filter paper. The above-mentioned 
operations for dispersion and filtration are repeated 10 times, thereby obtaining wet beads which have a satisfactory 
water content. The obtained wet beads are spread over a dry filter paper to remove an excess amount of water from 
the surfaces of the wet beads, and the weight (g) of the wet beads is measured. The measured weight of the wet beads 

30 is defined as the wet weight (Wj) of the porous beads. Subsequently, the wet beads are dried in vacuo for 24 hours, 
thereby obtaining dry beads. The weight (g) of the dry beads is measured and defined as the dry weight (W 0 ) of the 
porous beads. 

[0031] In the present invention, it is preferred that the porous beads have all of the following characteristics: 

35 (1) the porous beads have continuous pores in a three-dimensional network, 

(2) the porous beads are smooth, and 

(3) the porous beads are skinless. 

[0032] In the present invention, the expression "continuous pores in a three-dimensional network" means that the 
40 pores of each porous bead form a continuous and three-dimensional network inside the bead. The three-dimensional 
network of pores can be confirmed, for example, by observing cross-sections of the beads under a scanning electron 
microscope (SEM). There is no particular limitation with respect to the method for cutting the beads to expose cross- 
sections for the SEM observation. For example, the beads can be cut by the following method. The beads are immersed 
in a liquid, such as ethanol, which has a low surface tension, and the beads and the liquid are encapsulated together 
45 in gelatin capsules. The resultant gelatin capsules are frozen in liquid nitrogen, thereby obtaining frozen beads in the 
gelatin capsules. The capsules containing the frozen beads are cut with a chisel or the like. 
[0033] Fig. 1 3 is an electron photomicrograph of a part of a cross-section of one of the porous beads of the present 
invention, wherein the photomicrograph is taken, at an inner peripheral portion of the porous bead, from directly above 
the part of the cross-section of the porous bead, with a magnification of x 3,000. It can be confirmed from this phot- 
50 omicrograph that the fibrils of the polymer constituting the beads are entangled in a delicate, complicated manner to 
thereby form a three-dimensional network of pores in the beads. 

[0034] In the porous beads of the present invention, the three-dimensional network of pores is uniformly formed, so 
that the pores communicate with each other (that is, a continuous network of pores is formed). In the present invention, 
the term "pores" means small voids formed in the polymer matrix of each porous bead, wherein voids run through the 
55 polymer matrix to thereby form a three-dimensional network structure. In the porous beads of the present invention, 
which have a substantially uniform three-dimensional network of pores, the pores communicate with each other, so 
that when the porous beads of the present invention are used as a filter material or adsorbent for water treatment, the 
water being treated permeates into and diffuses inside the beads. Therefore, the porous beads of the present invention 
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exhibit a small pressure loss and a high adsorption rate, as compared to those of porous beads having no three- 
dimensional network of continuous pores. Specifically, when water is passed through a tower or column packed with 
the porous beads having no three-dimensional network of continuous pores, the flow path for water is limited only to 
the gaps formed between the beads. On the other hand, when the porous beads of the present invention which have 
5 the three-dimensional network of continuous pores are used for water treatment, water passes not only through the 
gaps between the beads, but also through the pores of the beads and, hence, it is apparent that the pressure loss can 
be greatly decreased. 

[0035] Further, when the porous beads having no three-dimensional network of continuous pores are used as an 
adsorbent for water treatment, the water being treated reaches the inner adsorbing sites of the beads only through 

10 diffusion from the surface of the porous beads. On the other hand, in the case of the porous beads of the present 
invention which have a three-dimensional network of continuous pores, the water being treated can be forcibly caused 
to flow directly (not through diffusion) into the inner adsorbing sites of the porous beads. Therefore, the porous beads 
of the present invention are advantageous in that the beads exhibit a high adsorption rate and that even adsorbing 
sites present in an inner portion of the beads can be efficiently utilized. 

15 [0036] In the present invention, the expression "the porous beads are smooth" means that the surface smoothness 
of the beads is not more than 1 %, preferably not more than 0.5 %. In the present invention, the "surface smoothness" 
is defined by the following formula: 

20 S=H/DX100 

wherein S represents the surface smoothness (%), H represents the height (ujti) of projections present on the 
surface of the beads, and D represents the diameter (p,m) of the beads. 

[0037] The height (H) of the projections present on the surface of the beads and the diameter (D) of the beads can 
25 be measured using the SEM {scanning electron microscope) images. The diameter (D) is measured using a SEM 
image showing the whole body of a single porous bead. The diameter (D) is an average value of the long and short 
axes of the bead (that is, the particle diameter). 

[0038] As in the case of the measurement of the diameter (D), the height (H) of the projections is measured using a 
SEM image showing the whole body of the porous bead. Each of the "projections present on the surface of the beads" 
30 is a part of the bead, which protrudes outwardly from the substantially spherical contour of the bead. If necessary, the 
surface of the bead can be observed under the SEM, while increasing the magnification within the range of from x 
3,000 to x 10,000 until the height of the projections becomes detectable. The height of the largest projection is defined 
as the value H in the above-mentioned formula. 

[0039] When the surface smoothness of the porous beads is more than 1 %, scale-like or thread-like projections are 
35 present on the surface of the porous beads. When such beads having projections thereon are packed in a filtration 
tower or column and used for treating water, the porous beads get in contact with each other and are rubbed with each 
other to generate dust. The pressure loss is likely to increase as a result of the generation of dust. On the other hand, 
when the surface of the porous beads of an aromatic polyether ketone resin is smooth, there is no danger of the dust 
generation. 

40 [0040] There is no particular limitation with respect to the method for evaluating the occurrence of dust generation, 
and, for example, the dust generation may be evaluated as follows. The porous beads are packed in a column and 
water is passed through the column. Water which has passed through the column is filtered through a membrane filter, 
such as a ultrafiltration membrane, and microparticles which are caught on the membrane are analyzed by infrared 
spectroscopy and the like. The occurrence of dust generation is confirmed when the microparticles are identified as a 

45 polyether ketone resin. 

[0041] In the present invention, the term "skin" means a non-porous region present in a surface portion of the bead, 
which is a region where no pores having openings in the surface of the bead are observed when the outer peripheral 
portion and/or inner peripheral portion of the bead are observed under a SEM. In the present invention, "the porous 
beads are skinless" means that, by the SEM observation with a magnification of x 1 0,000, it is observed that a porous 
50 structure is uniformly formed throughout each porous bead (i.e., from the central portion to peripheral portion of the 
porous bead) and the pores open at the surface of each porous bead. 

[0042] Fig. 12 is an electron photomicrograph showing a plan view of a part of the outer periphery of one of the 
porous beads of the present invention, wherein the photomicrograph is taken, at a central portion of the outer periphery 
of the porous bead, with a magnification of x 3,000. It is apparent from Fig. 12 that the surface of the bead has pore 
55 openings and is skinless. Further, Fig. 14 is an electron photomicrograph of a part of a cross-section of one of the 
porous beads of the present invention, wherein the photomicrograph is taken, at an inner peripheral portion of the 
porous bead, with a magnification of x 3,000. It is apparent from Fig. 14 that, the inner peripheral portion of the porous 
bead also has a three-dimensional pore structure which is similar to that observed at the inner central portion of the 
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bead, and that the outer periphery of the bead has a number of pore openings. Thus, the porous bead shown in Fig. 
14 is skinless. 

[0043] When the porous beads have skins, the adsorption efficiency of the beads becomes low, because, in such a 
case, the adsorption occurs only at the peripheral portions of the beads and the inner porous structure is not used for 
5 adsorption. On the other hand, when the porous beads are skinless, a high adsorption efficiency is achieved, because 
even large molecular weight substances can enter into the inner portions of the beads, so that the porous structures 
of the inner portions of the beads can also be utilized for adsorption. 

[0044] With respect to the porous beads of the present invention, it is preferred that the fibrils constituting the matrix 
of the porous beads having the three-dimensional pore structure are thick at a peripheral portion thereof, as compared 

10 to the fibrils present at an inner portion of the porous beads. In the present invention, the term "fibrils" means fine 
polymer fibers constituting the matrix of the porous beads having the three-dimensional network of the continuous 
pores. When the fibrils are thick and strong, generation of dust from the porous beads are suppressed and the com- 
pressive strength of the porous beads becomes high. It is preferred that the ratio of the average thickness of the fibrils 
at a peripheral portion of the beads to the average thickness of the fibrils at an inner portion of the beads is 1 .1 or 

is more, more advantageously 1 .2 or more, most advantageously 1 .3 or more. When this ratio is less than 1.1, suppression 
of dust generation becomes unsatisfactory. 

[0045] In the present invention, the average thickness of the fibrils is measured using a SEM image of the bead. 
Specifically, the average thickness of the fibrils at a peripheral portion of the bead can be measured using a SEM image 
showing the outer periphery of the porous bead, which is taken at a central portion of the outer peripheral portion of 

20 the porous bead. For measuring the average thickness of the fibrils at a peripheral portion of the porous bead, a circle 
having a predetermined diameter is drawn on the above-mentioned SEM image, and portions of the fibrils which un- 
derlap the circumference of the circle are observed. There is no particular limitation with respect to the diameter of the 
circle drawn on the SEM image, but it is preferred that the diameter is 10 to 50 u.m in accordance with the scale of the 
SEM image. When the diameter of the circle is too small, only the thicknesses of the fibrils present at a local portion 

25 of the porous bead are measured. Further, it may result in the measurement of the thicknesses of only the fibrils which 
are positioned at inner portions below the peripheral portion of the bead. 

[0046] The thickness of each fibril can be obtained as follows. In a plan view of the drawn circle on the SEM image, 
the circumference of the circle intersects the fibril in a widthwise direction of the fibril, and a portion of the fibril which 
portion is intersected by the circumference of the circle in the widthwise direction of the fibril has both terminal points, 

30 the straight distance of which defines the thickness of the fibril. Thus, the thickness of the fibril can be obtained by 
measuring the straight distance between two points on the circumference of the circle which are in registry with the 
both terminal points of the above-mentioned portion of the fibril. In the same manner as mentioned above, the thick- 
nesses of all fibrils which are intersected by the circumference of the circle are measured, and the average value of 
the measured thicknesses is calculated to thereby obtain the average thickness of the fibrils at a peripheral portion of 

35 the porous bead. 

[0047] In the same manner as mentioned above, the average thickness of the fibrils present in the inner portion of 
the bead is measured using a SEM image of a cross-section of the porous bead, which is taken, at a central portion 
of the bead, from directly above the cross-section of the bead. Specifically, a circle is drawn on the SEM image, and 
the thicknesses of portions of the fibrils which underlap the circumference of the circle are measured and the average 
40 value of the measured thicknesses is calculated to thereby obtain the average thickness of the fibrils at an inner portion 
of the porous bead. The diameter of the circle must be the same as that of the circle used for measuring the thicknesses 
of the fibrils at a peripheral portion of the bead. 

[0048] Further, the specific surface area of the porous bead can be used as another index for the porosity of the 
porous bead of the present invention. There is no particular limitation with respect to the specific surface area of the 

45 porous beads, but the specific surface area is preferably 50 m 2 /g or more, more preferably 100 m 2 /g or more, most 
preferably 150 m 2 /g or more. When the specific surface area of the porous bead is less than 50 m 2 /g, such porous 
beads are not suitable for use as an adsorbent, because the adsorption efficiency becomes low and the life of the 
adsorbent becomes short. The specific surface area of the bead can be measured by any of conventional methods, 
for example, by nitrogen adsorption method (BET method). 

50 [0049] In addition, the average pore diameter can be used as still another index for the porosity of the porous beads 
of the present invention. There is no particular limitation with respect to the average pore diameter of the porous beads, 
but the average pore diameter is preferably 0.0001 urn to 5 ^im, more preferably 0.001 ^im to 1 urn. The average pore 
diameter of the beads can be measured by any of conventional methods, such as nitrogen adsorption method (BET 
method) and mercury porosimetry. 

55 [0050] In the porous beads of the present invention, large voids may be present so long as no adverse effects are 
caused on the specific surface area and the strength of the beads. The "large voids" are defined as having a substantially 
spherical shape and a diameter which is at least 1 0 times the maximum pore diameter of the beads. When the porous 
beads of the present invention have the large voids, it is preferred that the walls of the large voids also have pores, 
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which communicate with other pores. 

[0051] Next, the method of the present invention for producing the porous beads is explained in detail below. 
[0052] According to the present invention, there is provided a method for producing porous beads, which comprises: 

5 (a) mixing, while heating, an aromatic polyether ketone resin with a solvent capable of dissolving the resin to 

thereby obtain a resin solution; 

(b) dispersing the resin solution in a liquid dispersion medium which is incapable of dissolving the resin and is non- 
miscible with the solvent, to thereby obtain a dispersion having the resin solution dispersed therein in the form of 
globules; 

10 (c) cooling the dispersion while maintaining the dispersed form of the resin solution in the liquid dispersion medium, 

to thereby solidify the resin in the resin solution; and 

(d) separating the solidified resin from a mixture of the solvent and the liquid dispersion medium, thereby obtaining 
substantially spherical porous beads of the aromatic polyether ketone resin. 

is By the method of the present invention, it has become possible to easily produce not only the porous beads of the 
present invention, which have an average particle diameter of 50 to 5,000 u.m and a porosity of 40 to 99 %, but also 
other porous beads having an average particle diameter and a porosity which fall outside the ranges mentioned above. 
[0053] In the method of the present invention, a uniform resin solution prepared by dissolving the resin in a solvent 
is mixed with a liquid dispersion medium which is incapable of dissolving the resin and is non-miscible with the solvent, 

20 to thereby obtain a dispersion having the resin solution dispersed therein in the form of globules. The resin in the resin 
solution is solidified by cooling the obtained dispersion while maintaining the dispersed form of the resin solution in the 
liquid dispersion medium, to thereby form resin particles in the liquid dispersion medium. In such a formation of resin 
particles as mentioned above, the growth of the network structure of the polymer fibrils. in the particles is hindered at 
the interface between the resin particles being formed and the dispersion medium. Thus, it is considered that the 

25 polymer fibrils constituting the particles do not taper off at the surface of the particles and do not protrude outwardly 
from the substantially spherical contour of the particles, but the polymer fibrils are assembled into thick bundles at the 
surface of the particles, so that the overall surface of each of the obtained particles becomes smooth. On the other 
hand, in the conventional methods for producing the porous beads, crystal nuclei are formed in a diluted solution 
comprising a solvent and a resin and, then, the resin begins to crystallize around the crystal nuclei, thereby forming 

30 particles. At the final stage of the crystallization, due to the decrease in the amount of the non-crystallized resin present 
in the diluted solution, the polymer fibrils constituting the particles taper off at the surface of the particles and, finally, 
the growth of the tapering polymer fibrils terminates. As a result, the formed particles have many projections on the 
surface thereof. Thus, by the method of the present invention, it has become possible to produce excellent porous 
beads which cannot be produced by the conventional processes, i.e., porous beads which have continuous pores in 

35 a three-dimensional network, and which are smooth and skinless. Further, in the method of the present invention, by 
increasing the resin concentration of the resin solution, it becomes possible to thicken and strengthen polymer fibrils 
(constituting the matrix of each porous bead) without causing a marked decrease in the porosity of the porous beads 
and while maintaining the porous structure of the porous beads. Therefore, by the method of the present invention, it 
has become possible to produce porous beads having excellent capability to prevent dust generation and a high com- 

to pression strength. 

[0054] In the method of the present invention, there is no particular limitation with respect to the aromatic polyether 
ketone resin used for producing the porous beads, but the above-mentioned preferred aromatic polyether ketone resins 
can be advantageously used for producing porous beads having high resistance to heat, chemicals and hydrolysis. 
[0055] There is no particular limitation with respect to the solvent used for dissolving the resin so long as the solvent 

45 is capable of dissolving the aromatic polyether ketone resin. It is preferred that the solvent used in the method of the 
present invention is a polar organic solvent capable of uniformly dissolving at least 5 % by weight, more preferably at 
least 10 % by weight of the aromatic polyether ketone resin, at a temperature within the range of from 200 °C to the 
melting temperature of the resin. When the solvent used is capable of dissolving therein only less than 5 % by weight 
of the resin, it becomes difficult to produce porous beads having an average particle diameter of 50 u.m or more and 

50 having a strength sufficient for practical use. 

[0056] Specific examples of solvents which can be used in the method of the present invention include aliphatic 
sulfones, such as su Ifolane; aromatic sulfones, such as diphenyl sulfone; aromatic ketone compounds, such as diphenyl 
ketone; and xanthone compounds. Among the above-exemplified solvents, preferred are solvents, each consisting 
essentially of carbon, hydrogen and oxygen atoms. With respect to the solvent used for producing the porous beads, 

55 it is possible that the solvent remains inside the porous beads even after the above-mentioned separation step (d) of 
the method of the present invention. When a solvent containing sulfur (S) in a molecular structure thereof (such as 
sulfolane) remains inside the porous beads, the porous beads may suffer difficult problems which are caused by sulfur. 
Specifically, when the porous beads containing sulfolane therein are contacted with a heater drainage of a thermal 
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power plant and the like (which is hot water having a temperature of about 200 °C) forthe purpose of removing impurities 
(such as ferric components), the sulfur components derived from sulfolane remaining inside the porous beads are 
converted into sulfate radicals. The sulfate radicals cause problems, such as sulfonation of porous beads, which results 
in the lowering of the strength of the porous beads. Further, it is possible that the sulfate radicals which have been 
5 eluted from the porous beads cause corrosion of the conduits of the thermal power plant. Therefore, when a sulfur- 
containing solvent (such as sulfolane) is used, a complicated washing process becomes necessary for completely 
removing the residual solvent from the produced porous beads. On the other hand, such a complicated washing process 
is unnecessary when the porous beads are produced using a solvent which consists essentially of carbon, hydrogen 
and oxygen atoms. 

10 [0057] As examples of solvents consisting essentially of carbon, hydrogen and oxygen atoms, there can be men- 
tioned aromatic ketone compounds and xanthone compounds. An aromatic ketone compound is a compound repre- 
sented by the following formula: 



15 pi p 2 

20 wherein each of R 1 and R 2 independently represents a hydrogen atom, an alkyl group having 1 to 3 carbon atoms 

or a phenyl group. 

[0058] Specific examples of aromatic ketone compounds include diphenyl ketone, 4-methyl diphenyi ketone, 4-phe- 
nyl diphenyl ketone, and 4,4 , -dimethyl diphenyl ketone. As the solvent used in the method of the present invention, 
dipheny ketone is preferred from a viewpoint of heat stability and commercial availability. 
25 [0059] A xanthone compound is a compound represented by the following formula: 



o 



30 




35 

wherein each of R 1 and R 2 independently represents a hydrogen atom, an alkyl group having 1 to 3 carbon atoms 
or a phenyl group. 

[0060] Specific examples of xanthone compounds include xanthone, 2-phenyl xanthone, 2-methyl xanthone and 
1 ,3-dimethyl xanthone. As the solvent used in the method of the present invention, xanthone is preferred from a view- 

40 point of heat stability and commercial availability. 

[0061] The above-exemplified aromatic ketone compounds and xanthone compounds have structures which are 
similar to that of an aromatic polyether ketone resin. With respect to such ketone compounds and xanthone compounds, 
it is considered that, due to such a similarity in structure, the aromatic polyether ketone resin exhibits excellent solubility 
in these compounds. In addition, the high heat stability of these compounds allows the solvents to be recycled repeat- 

45 edly. This is another reason why these solvents are preferred in the method of the present invention. 

[0062] In the method of the present invention, the use of a solvent (such as concentrated sulfuric acid) which causes 
sulfonation of an aromatic polyether ketone resin at room temperature should be avoided. 

[0063] In the method of the present invention, first, a resin solution is obtained by mixing, while heating, an aromatic 
polyether ketone resin with a solvent capable of dissolving the resin. The ratio of the resin to the solvent in the resin 

50 solution may be appropriately selected depending on the desired porosity of the porous beads. The preferred resin 
concentration of the resin solution is from 5 to 50 % by weight, more preferably from 7 to 40 % by weight, most preferably 
from 1 0 to 30 % by weight; based on the total weight of the resin and the solvent. By decreasing the resin concentration, 
porous beads having high porosity can be obtained, but the strength of the beads is lowered. On the other hand, when 
the resin concentration is increased, the porosity of the porous beads is lowered, but the strength of the beads is 

55 improved. In addition, the porosity of the porous beads varies depending on the type of the solvent, wherein the use 
of different solvents results in the difference in porosity even if the resin concentrations. of resin solutions containing 
the different solvents are the same. The reason for this is considered that the difference in miscibility with the resin 
between the different solvents results in the different porosities of the porous beads. 
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[0064] The temperature for mixing the resin with the solvent may vary depending on the type of the solvent. In the 
method of the present invention, the mixing is generally performed at a temperature which is lower than the boiling 
point of the solvent used and at which the resin is completely dissolved in the solvent used. Specifically, it is preferred 
that the mixing of the resin with the solvent is performed at 200 °C or higher, more preferably 210 °C or higher, more 

5 preferably 220 °C or higher, most preferably 230 °C or higher. Such a mixing temperature is preferred, because the 
resin dissolves uniformly in the solvent at 200 °C or higher. Since an aromatic polyether ketone resin has a high glass 
transition temperature and a high melting point, and has a high heat resistance and a high chemical stability, even 
when any one of the above-mentioned polar solvents is used, it is difficult to dissolve uniformly the resin at a temperature 
lower than 200 °C. When the aromatic polyether ketone resin is not dissolved uniformly in the solvent, porous beads 

10 having a uniform three-dimensional network of pores and a high porosity cannot be obtained. 

[0065] Further, with respect to the mixing temperature for dissolving the resin in the solvent, it is preferred that the 
mixing temperature is around the boiling point of the solvent. When the mixing is performed while heating under reflux 
at a temperature around the boiling point of the solvent, it becomes possible to control the temperature of a system 
for dissolving the resin by utilizing the latent heat of vaporization of the solvent, to thereby suppress a local increase 

15 in temperature. Therefore, the porous beads having a uniform porosity and a uniform particle diametercan be produced 
with ease. There is no particular limitation with respect to the time of heating so long as the resin dissolves uniformly 
in the solvent. For improving the productivity of the porous beads by using a short heating time, it is preferred that the 
resin to be mixed with the solvent is one obtained by pulverizing resin pellets. When a solvent which is likely to de- 
compose at high temperatures is used, it is necessary to use a short heating time. 

20 [0066] The resin solution may further contain an additional component (hereinafter, frequently referred to as a "third 
component") other than the resin and the solvent in an amount wherein the solubility of the resin in the solvent is not 
harmfully affected. Examples of third components include solvents and nonsolvents, which are used in the conventional 
methods for producing porous particles having high porosity, and metal particles. It is one of the advantages otthe 
present invention that porous beads having a high porosity and a large specific surface area can be obtained without 

25 using such a third component; however, such a third component may be used to adjust the porosity and the like of the 
porous beads. Specifically, for example, it is possible to use a resin solution which contains metal particles which 
function as fillers. In this case, the produced porous beads are treated with an acid and the like to remove the metal 
particles, thereby forming further pores in the porous beads. 

[0067] Next, the above-obtained resin solution is dispersed in a liquid dispersion medium. It is important that the 
30 liquid dispersion medium used in the present invention is incapable of dissolving the aromatic polyether ketone resin 
and is non-miscible with the solvent. Further, the liquid dispersion medium is selected from liquids which satisfy the 
following requirements: that the liquids are stable at a temperature necessary for keeping the solution of the resin 
dissolved in the solvent (that is, a temperature at which the resin remains completely dissolved in the solvent), that the 
liquids have boiling points higher than the temperature necessary for keeping the solution of the resin dissolved in the 
35 solvent, that the liquids have fluidity, and that the liquids are non-miscible with the resin solution . When the boiling point 
of the liquid dispersion medium is lower than the temperature necessary for keeping the solution of the resin dissolved 
in the solvent, the following problem is likely to occur. When the resin solution is dispersed in the liquid dispersion 
medium, heat is released as the latent heat of the liquid dispersion medium before the temperature of the resultant 
dispersion reaches a temperature necessary for keeping the solution of the resin dissolved in the solvent, and the 
*o uniformity of the resin solution dispersed in the liquid dispersion medium in the form of globules becomes lowered. 
Further, when the liquid dispersion medium is miscible with the solvent at the temperature necessary for keeping the 
solution of the resin dissolved in the solvent, the resin solution cannot be separated into globules and, thus, the porous 
beads cannot be produced. 

[0068] Examples of liquid dispersion media which are advantageously used in the method of the present invention 
45 include silicone oils, mineral oils, paraffins and liquid paraffins, and mercury. For example, when polyether ether ketone 
(PEEK) is used as the resin and diphenyl ketone is used as the solvent, a silicone oil is preferably used as the liquid 
dispersion medium. With respect to the combination of the solvent and the dispersion medium, it should be noted that, 
for example, a liquid paraffin is miscible with diphenyl ketone at a temperature necessary for dissolving PEEK in diphenyl 
ketone and, therefore, porous beads cannot be produced by the combination of diphenyl ketone and liquid paraffin. 
so [0069] There is no particular limitation with respect to the mixing ratio of the liquid dispersion medium to the resin 
solution, but for efficiently producing the porous beads of the present invention, it is preferred that the weight ratio of 
the liquid dispersion medium to the resin solution is from 0.7 to 10, more advantageously from 0.8 to 5, most advan- 
tageously from 0.9 to 2. The weight of the resin solution is the total weight of the raw material resin and the solvent. 
When the liquid dispersion medium is used in too large an amount, the size of the system for preparing the dispersion 
55 becomes too large, so that it becomes difficult to disperse uniformly the resin solution in the form of globules by agitation 
and the like. On the other hand, when the liquid dispersion medium is used in too small an amount, the globules of the 
resin solution are likely to assemble due to the large amount of the resin solution, so that it becomes difficult to disperse 
uniformly the resin solution in the form of globules. As a result, the particle diameters of the produced porous beads 
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become non-uniform. 

[0070] There is no particular limitation with respect to the method for mixing the resin solution with the liquid dispersion 
medium so long as solidification of the resin by the lowering of the temperature does not occur during the mixing. 
Specifically, the resin solution may be added to the liquid dispersion medium, or alternatively, the liquid dispersion 
5 medium may be added to the resin solution. When the temperature of the resin solution is rapidly lowered to a tem- 
perature below the phase separation point of the resin solution during the mixing of the resin solution with the liquid 
dispersion medium, the produced porous beads are likely to suffer difficult problems, such as non-uniform pore diameter 
and a low porosity. . 

[0071] There is no particular limitation with respect to the method for dispersing the resin solution in the form of 

10 globules. For example, the dispersion of the resin solution globules may be formed by agitation method, ultrasonic 
method or emulsification method. These methods can be used individually or in combination. In the method of the 
present invention, the particle diameter of the porous beads can be controlled by selecting an appropriate method for 
dispersing the resin solution in the form of globules, and an appropriate viscosity of the dispersion system, including 
the resin, the solvent and the liquid dispersion medium. For obtaining relatively large porous beads having a particle 

15 diameter of 1 00 u.m to 5,000 urn, it is advantageous to prepare the dispersion by agitation method. On the other hand, 
for obtaining relatively small porous beads having a pore diameter of 100 u,m or less, it is advantageous to prepare 
the dispersion by ultrasonic method. However, the method for preparing the dispersion is not limited to these two 
methods. In each of these methods, it is important that a mixture of the resin solution and the liquid dispersion medium 
as a whole should be uniformly agitated by mechanical agitation or ultrasonic vibration. When the resin solution is not 

20 dispersed uniformly, the particle diameter of the porous beads becomes non-uniform. 

[0072] Subsequently, the dispersion is cooled while maintaining the dispersed form of the resin solution in the liquid 
dispersion medium, to thereby solidify the resin in the resin solution. There is no particular limitation with respect to 
the method for cooling the dispersion, and the dispersion may be allowed to stand so as to be cooled naturally or may 
be forcibly cooled by means of a cooling medium provided outside a reactor containing the dispersion. The cooling 

25 rate can be controlled by using the cooling medium. When the cooling rate is too high, a temperature variation is caused 
inside the globules of the resin solution which are present in the liquid dispersion medium, and this results in the non- 
uniform structure of the porous beads and sometimes causes the formation of the above-mentioned skins. Therefore, 
it is preferred that the cooling rate is low. Specifically, the cooling rate is preferably not more than 3 °C/minute, more 
preferably not more than 1 °C/minute, most preferably not more than 0.5 °C/minute. 

30 [0073] Next, the solidified resin is separated from a mixture of the solvent and the liquid dispersion medium, thereby 
obtaining substantially spherical porous beads of the aromatic polyether ketone resin. There is no particular limitation 
with respect to the method for separating the solidified resin from the mixture, and the separation can be conducted 
by any of the methods used in the conventional process, that is, the conventional methods for separating porous 
particles from a solvent and the like. The appropriate separation method may vary depending on the type of the solvent 

35 used and the liquid dispersion medium used. For example, when the liquid dispersion medium is a silicone oil, the 
produced porous beads can be recovered by filtration and the like, and the solvent remaining inside the porous beads 
and the silicone oil adhering to the surface of the porous beads can be sequentially replaced by methylene chloride, 
acetone, ethanol and water. 

[0074] The porous beads of the present invention can be advantageously used as carriers for separation of a sub- 
40 stance (such as a carrier for chromatography and an enzyme-immobilized carrier). Especially, since the porous beads 
of the present invention are composed of an aromatic polyether ketone resin, the porous beads exhibit excellent prop- 
erties, such as high resistance to heat and hydrolysis. Further, the porous beads of the present invention have excellent 
structural characteristics, such as a large average pore diameter and a smooth surface which suppresses dust gen- 
eration. By virtue of such excellent structural characteristics, the porous beads of the present invention exhibit only a 
45 small pressure loss, and is free from problems caused by a waste resulting from the dust. The porous beads of the 
present invention also have a large specific surface area and a high porosity. Thus, the porous beads of the present 
invention have excellent properties and characteristics which are advantageous for use in various water treatments. 
The porous beads of the present invention are especially useful for treating a heater drainage and the like from a 
nuclear power plant or a thermal power plant, which is a hot water having a temperature about 200 °C. Specifically, 
50 the porous beads can be advantageously used as a filter material for removing impurities, such as ferric components, 
from the heater drainage. 

BEST MODE FOR CARRYING OUT THE INVENTION 

55 [0075] Hereinbelow, the present invention will be described in more detail with reference to the following Examples, 
but they should not be construed as limiting the scope of the present invention. 

[0076] In the following Examples, various characteristics and properties of the porous beads were evaluated by the 
following methods. 
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(1) Average particle diameter 



[0077] The average particle diameter of the porous beads is measured using a laser scattering particle size distri- 
bution analyzer (LA-910, manufactured and sold by HORIBA Seisakusho Co., Ltd., Japan). 

[0078] However, when the porous beads contain a number of large beads having a particle diameter of 1 ,000 jim or 
more, the average diameter of the porous beads cannot be measured by the laser scattering particle size distribution 
analyzer and, hence, is determined by observing the porous beads under a scanning electron microscope (SEM) (S- 
800 type, manufactured and sold by Hitachi, Ltd., Japan). Specifically, with respect to each of the porous beads ap- 
pearing in a SEM image, the long axis and short axis of the porous bead are measured, and the average value of the 
long and short axes of the porous bead is defined as the particle diameter of the porous bead. Then, the average value 
of the particle diameters of the beads appearing in the SEM image is calculated to obtain the average particle diameter 
of the porous beads. 



(2) Porosity 

[0079] 1 g of dried porous beads are added to 1 00 ml of ethanol to saturate the porous structures of the beads with 
the ethanol. The ethanol containing the beads is filtered through a filter paper to recover the wet beads. Next, the 
recovered wet beads (without being dried) are dispersed in water and filtered through a filter paper. The above-men- 
tioned operations for dispersion and filtration are repeated 10 times, thereby obtaining wet porous beads having a 
satisfactory water content. The obtained wet porous beads are spread over a dry filter paper to remove an excess 
amount of water from the surfaces of the wet beads, and the weight (g) of the wet porous beads is measured. The 
measured weight of the wet beads is defined as the wet weight (W^) of the porous beads. Subsequently, the wet porous 
beads are dried in vacuo for 24 hours, thereby obtaining dry porous beads. The weight (g) of the dry porous beads is 
measured and defined as the dry weight (W 0 ) of the porous beads. The porosity (Pr) of the porous beads is determined 
in accordance with the following formula: 

Pr= ! ^-X100 

VVW 0 + - 0 



wherein Pr represents porosity (%), W 1 represents the wet weight (g) of the beads, W 0 represents the dry weight 
(g) of the beads, and p represents the specific gravity (p = 1 .32) of the raw material aromatic polyether ketone resin 
(trade name: PEEK450G, manufactured and sold by VICTREX pic, England). 

(3) Specific surface area and average pore diameter 

[0080] After drying the porous beads in vacuo at room temperature, the specific surface area and average pore 
diameter of the porous beads are measured by BET method using a BET analyzer (trade name: AUTOSORB-1 , man- 
ufactured and sold by Quanta Chrome Instruments, USA). 

(4) Observation of the porous beads under a scanning electron microscope 

[0081] The porous beads are observed under a scanning electron microscope (SEM) (S-800 type, manufactured 
and sold by Hitachi, Ltd., Japan). 

(5) Cutting of the porous beads 

[0082] After drying the porous beads in vacuo at room temperature, the dried beads are immersed in ethanol so as 
to impregnate the porous beads with ethanol. The ethanol-impregnated porous beads as such are encapsulated in 
gelatin capsules (diameter: 5mm), and the resultant gelatin capsules are frozen in liquid nitrogen, thereby obtaining 
frozen beads in the gelatin capsules. The capsules containing the frozen beads are cut with a chisel. The cut beads 
are selected from all beads contained in the capsule and used as a specimen for microscopic observation. 
[0083] The cut porous beads, as well as the intact porous beads, are observed under a scanning electron microscope 
(SEM) (S-800 type, manufactured and sold by Hitachi Ltd., Japan). 
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(6) Surface smoothness 

[0084] ' With respect to a single porous bead, the diameter thereof and the height of the projections present on the 
surface of the porous bead are measured using a SEM image. Specifically, the long axis and short axis of the porous 
5 bead are measured and the average value of the long and short axes are defined as the diameter of the porous bead. 
The height (H) of the projections present on the surface of the beads is obtained by measuring the lengths of projections 
of the porous bead, which protrude outwardly from the substantially spherical contour of the bead. The length of the 
largest projection is defined as the height (H) of the projections. The surface smoothness of the porous bead is deter- 
mined in accordance with the following formula: 

10 

S=H/D x 100 

wherein S represents the surface smoothness (%), H represents the height (u.m) of the projections present on 
is the surface of the bead, and D represents the diameter (ujti) of the bead. 

(7) Average thickness of fibrils 

[0085] The average thickness of the fibrils (constituting the matrix of the bead) at a peripheral portion of the porous 
20 bead is measured using a SEM image showing an outer periphery of the porous bead, wherein the SEM image is taken 
directly above a central portion of the outer periphery of the porous bead. Further, the average thickness of the fibrils 
at an inner portion of the porous bead is measured using a SEM image of a cross-section of the porous bead, wherein 
the SEM image is taken, at a central portion of the cross-section of the porous bead, from directly above the cross- 
section of the porous bead. 

25 [0086] Specifically, each of the above-mentioned average thicknesses of the fibrils is measured as follows. A circle 
having a diameter of 10 u,m in accordance with the scale of the SEM image is drawn on the SEM image at around the 
center thereof. In a plan view of the drawn circle on the SEM image, the circumference of the circle intersects the fibril 
in a widthwise direction of the fibril, and a portion of the fibril which portion is intersected by the circumference of the 
circle in the widthwise direction of the fibril has both terminal points, the straight distance of which defines the thickness 

30 of the fibril. Thus, the thickness of the fibril can be obtained by measuring the straight distance between two points on 
the circumference of the circle which are in registry with the both terminal points of the above-mentioned portion of the 
fibril. In the same manner as mentioned above, the thicknesses of all fibrils which are intersected by the circumference 
of the circle are measured, and the average value of the measured thicknesses is calculated to thereby obtain the 
average thickness of the fibrils. 

35 

Example 1 

[0087] 20 g of PEEK (trade name: PEEK450G, manufactured and sold by VICTREX pic, England) comprising re- 
curring units each represented by formula (3) above was added to 80 g of heated sulfolane (manufactured and sold 
40 by Tokyo Kasei Kogyo Co.; Ltd., Japan), and the resultant mixture was heated at 286 °C under nitrogen-sealed con- 
ditions for 30 minutes, thereby obtaining a uniform, brown transparent resin solution. 

[0088] To the obtained uniform resin solution (PEEK solution) was added 1 00 g of silicone oil (trade name: SRX31 0) 
(manufactured and sold by Toray Dow Corning Co. Ltd., Japan). The silicone oil was divided into several portions and 
portionwise added to the resin solution so as to prevent a lowering of the temperature of the resin solution, and the 
45 resultant mixture was agitated for 30 minutes to thereby obtain a dispersion. The agitation of the mixture was conducted 
using an agitator ("Three One Motor" manufactured and sold by Heidon, Japan) equipped with Teflon agitating blade 
at a rotation speed of 300 rpm. 

[0089] The dispersion obtained in a container used for the above-mentioned agitation was allowed to cool in air to 
room temperature, while continuing the agitation, thereby forming white beads dispersed in the silicone oil. 
so [0090] The obtained beads were taken out of the container, and the sulfolane remaining inside the beads and silicone 
oil adhering to the surface of the beads were extracted with methylene chloride (manufactured and sold by WAKO 
PURE CHEMICAL Industries, Ltd., Japan). The methylene chloride was replaced with acetone and ethanol in this 
order, and the ethanol was then replaced by water, thereby obtaining porous beads. 

[0091] The average particle diameter and porosity of the porous beads were 538 u.m and 85 %, respectively. The 
55 specific surface area of the porous beads was 21 5 rr^/g. 

[0092] Further, the cross-section and surface of the porous beads were examined under a scanning electron micro- 
scope (SEM). The results are shown in Figs. 1 to 4. 

[0093] Fig. 1 is an electron photomicrograph (x 1 00) showing a plan view of the whole body of one of the obtained 
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porous beads. It is apparent from this photomicrograph that the outer periphery of the porous bead has a high porosity 
and that the porous bead is spherical. 

[0094] Fig. 2 is an electron photomicrograph (x 80) showing a cross-section of the whole body of one of the obtained 
porous beads, wherein the photomicrograph was taken from directly above the cross-section of the porous bead. The 

s presence of the so-called "large voids" defined above can be confirmed in the cross-section of the porous beads. 
[0095] Fig. 3 is an electron photomicrograph of a part of a cross-section of one of the obtained porous beads, wherein 
the photomicrograph was taken, at an inner peripheral portion of the porous bead, from directly above the part of the 
cross-section of the porous bead with a magnification of x 10,000. The cross-sections of the peripheral and inner 
portions of the porous bead are, respectively, shown at the left-hand and right-hand portions of the photomicrograph. 

10 From the photomicrograph, it was observed that the peripheral portion of the bead had a three-dimensional network 
of continuous pores and the outer periphery of the bead had a number of pore openings. Thus, it is apparent that the 
bead had no skin. Further, the height of the largest projection present on the surface of the bead was 0.35 \im, and 
the diameter of the beads, which was determined from Fig. 2, was 935 u.m. Accordingly, the surface smoothness of 
this bead was 0.04 %. 

15 [0096] Fig. 4 is an electron photomicrograph of a part of the outer periphery of one of the obtained porous beads, 
wherein the photomicrograph was taken, at a central portion of the outer periphery of the porous bead, with a magni- 
fication of x 1 0,000. It can be confirmed from this photomicrograph that the outer periphery of the porous bead had a 
number of pore openings and that the porous bead was skinless. 

[0097] Thus, from these observations it is apparent that the porous beads produced in Example 1 had continuous 
20 pores in a three-dimensional network, that the porous beads were smooth, and that the porous beads were skinless. 
[0098] Further, the average thicknesses of the fibrils were measured using the photomicrographs. The average thick- 
ness of the fibrils at a peripheral portion of the porous bead was 0.51 urn, whereas the average thickness of the fibrils 
at an inner portion of the porous bead, which fibrils are shown in the cross-section .of the porous bead, was 0.21 urn. 
The ratio of the average thickness of the fibrils at a peripheral portion of the porous bead to the average thickness of 
25 the fibrils at an inner portion of the porous bead was 2.4. This means that the average thickness of the fibrils constituting 
the porous beads of the present invention is larger at a peripheral portion of the porous beads than at an inner portion 
of the beads. 

Example 2 

30 

[0099] Porous beads were produced in substantially the same manner as in Example 1 , except that diphenyl ketone 
was used instead of sulfolane, and the resin was dissolved in diphenyl ketone at 305 °C (boiling point of diphenyl 
ketone). 

[0100] The average particle diameter of the obtained porous beads could not be measured using a laser scattering 
35 particle size distribution analyzer and, hence, was measured by observation under a SEM in accordance with the 
above-mentioned method. As a result, it was found that the average particle diameter of the porous bead was 1 ,990 
u.m, and the porosity of the porous bead was 73 %. 

[01 01 ] Further, the cross-section and surface of the porous bead were examined under a SEM. The results are shown 
in Figs. 5 to 8. 

40 [0102] Fig. 5 is an electron photomicrograph (x 60) showing a plan view of the whole body of one of the obtained 
porous beads. From this photomicrograph it is apparent that the surface of the porous bead had a high porosity and 
that the porous bead was spherical. 

[0103] Fig. 6 is an electron photomicrograph (x 40) showing a cross-section of the whole body of one of the obtained 
porous beads, wherein the photomicrograph was taken from directly above the cross-section of the porous bead. The 

45 presence of the so-called "large voids" defined above can be confirmed on the cross-section of the porous bead. 

[01 04] Fig. 7 is an electron photomicrograph of a part of a cross-section of one of the obtained porous beads, wherein 
the photomicrograph was taken, at an inner peripheral portion of the porous bead, from directly above the cross-section 
of the porous bead, with a magnification of x 10,000. The cross-sections of the inner and peripheral portions of the 
porous bead are, respectively, shown at the left-hand and right-hand portions of the photomicrograph. From the pho- 

50 tomicrograph, it is observed that the peripheral portion of the bead had a three-dimensional network of continuous 
pores and the outer periphery of the bead had a number of pore openings. Thus, it is apparent that the bead had no 
skin. Further, the height of the largest projection present on the outer periphery of the bead was 0.7 ujti, and the 
diameter of the bead which was determined from Fig. 6 was 1 ,990 u.m. Accordingly, the surface smoothness of the 
beads was 0.04 %. 

55 [01 05] Fig. 8 is an electron photomicrograph showing a plan view of a part of the outer periphery of one of the obtained 
porous beads, wherein the photomicrograph was taken, at a central portion of the outer periphery of the porous bead, 
with a magnification of x 10,000. From this photomicrograph it can be confirmed that the porous bead had a number 
of pore openings in the outer periphery thereof and that the porous bead was skinless. 
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[0106] From these observations it is apparent that the porous beads produced in Example 2 had continuous pores 
in a three-dimensional network, that the porous beads were smooth, and that the porous beads were skinless. 
[0107] Further, the average thicknesses of the fibrils were measured using the photomicrographs. As a result, it was 
found that the average thickness of the fibrils at a peripheral portion of the porous bead was 0.74 jim, and that the 
average thickness of the fibrils at an inner portion of the porous bead, which fibrils are observed in the cross-section 
of the porous bead, was 0.20 u.m. Accordingly, the ratio of the average thickness of the fibrils at a peripheral portion 
of the porous bead to the average thickness of the fibrils at an inner portion of the porous bead was 3.7. This means 
that the average thickness of the fibrils constituting the porous beads of the present invention is larger at a peripheral 
portion of the porous beads than at an inner portion of the beads. 

Example 3 

[0108] Porous beads were produced in substantially the same manner as in Example 2, except that the amounts of 
PEEK and diphenyl ketone were changed to 10 g and 90 g, respectively. 
15 [0109] The average particle diameter and porosity of the porous beads were 495 u.m and 90 %, respectively. The 
specific surface area of the porous beads was very high, namely 258 m 2 /g. The average pore diameter of the porous 
beads was 0.014 um 

[0110] Further, the cross-section and surface of the porous beads were examined under a scanning electron micro- 
scope (SEM). The results are shown in Figs. 9 to 14. 
20 [0111] Fig. 9 is an electron photomicrograph (x 200) showing a plan view of the whole body of one of the obtained 
porous beads. From this photomicrograph it is apparent that the peripheral portion of the porous bead had a high 
porosity and that the porous bead was spherical. 

[0112] Fig. 10 is an electron photomicrograph (x 170) showing a perspective view of a cross-section of the whole 
body of one of the obtained porous beads. The presence of the so-called "large voids" defined above can be confirmed 

25 jn the cross-section of the porous bead. 

[0113] Fig. 11 is an electron photomicrograph of a part of the outer periphery of one of the obtained porous beads, 
wherein the photomicrograph was taken, at a partial profile portion of the porous bead, from directly above the part of 
the outer periphery of the porous bead, with a magnification of x 3,000. It can be confirmed from this photomicrograph 
that the peripheral portion of the porous bead had a high porosity, and that the bead as a whole was smooth. Further, 

30 the height of the largest projection present on the surface of the bead was 0.5 urn, and the diameter of the bead which 
was determined from Fig. 9 was 343 \xm. Accordingly, the surface smoothness of the beads was 0.15 %. 
[0114] Fig. 12 is an electron photomicrograph showing a plan view of a part of the outer periphery of one of the 
obtained porous beads, wherein the photomicrograph was taken, at a central portion of the outer periphery of the 
porous bead, with a magnification of x 3,000. It is apparent from this photomicrograph that the peripheral portion of 

35 the porous bead had a high porosity and the pore openings were present on the outer periphery thereof and hence, 
the porous bead was skinless. 

[0115] Fig. 13 is an electron photomicrograph of a part of a cross-section of one of the obtained porous beads, 
wherein the photomicrograph was taken, at an inner peripheral portion of the porous bead, from directly above the part 
of the cross-section of the porous bead, with a magnification of x 3,000. It can be confirmed form this photomicrograph 
40 that the fine polymer fibrils are entangled in a complicated manner to thereby form a three-dimensional network of 
pores in the bead. 

[0116] Fig. 14 is an electron photomicrograph of a part of a cross-section of one of the obtained porous beads, 
wherein the photomicrograph was taken, at an inner peripheral portion of the porous bead, with a magnification of x 
3,000. The cross-sections of the peripheral and inner portions of the porous bead are, respectively, shown at the right- 
45 hand and left-hand portions of the photomicrograph. From this photomicrograph it can be confirmed that the peripheral 
portion of the porous bead also had a three-dimensional pore structure which is similar to that observed at the inner 
portion of the bead, and that the porous bead had a number of pore openings on the outer periphery thereof and hence, 
was skinless. 

[0117] Further, the average thickness of the fibrils at a peripheral portion of the porous beads, which was measured 
50 using Fig. 1 2, was 0.67 u.m, whereas the average thickness of the fibrils at an inner portion of the porous bead, which 
was measured using Fig. 13, was 0.35 ujti. Accordingly, the ratio of the average thickness of the fibrils at a peripheral 
portion of the porous beads to the average thickness of the fibrils at an inner portion of the porous beads was 1 .9. 
From these results it is apparent that the average thickness of the fibrils constituting the porous beads of the present 
invention is larger at a peripheral portion of the porous beads than at an inner portion of the beads. 
55 [0118] As apparent from Figs. 9 to 14, the pores are formed throughout the porous beads of the present invention 
and communicate with each other. 

[0119] From the SEM images it is apparent that the porous beads of the present invention have continuous pores 
in a three-dimensional network, that the porous beads are smooth, and that the porous beads are skinless. 
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[0120] In addition, the heat resistance of the obtained porous beads was evaluated as follows. 
[0121] Using a glove box, 250 ml of the porous beads and 250 ml of ultra-pure water were charged into an SUS tube 
under a nitrogen atmosphere, and, then, the SUS tube was hermetically sealed. The SUS tube containing the porous 
beads and the ultra-pure water were placed in an oven at 200 °C and subjected to heat treatment for 1 00 hours. The 
5 structural characteristics of the porous beads which were evaluated before and after the heat treatment are shown in 
Table 1 below. 



Table 1 





Before heat treatment 


After heat treatment 


Average pore diameter (^im) 


495 


496 


Porosity (%) 


90 


90 


Specific surface area (m 2 /g) 


258 


250 



15 

[0122] It is apparent from Table 1 above that no significant changes in the structural characteristics of the porous 
beads occurred by the heat treatment. These results confirm the high heat resistance of the porous beads in hot water 
having a temperature of 200 °C. The high heat resistance of the porous beads is considered to be caused by the high 
crystallinity of PEEK, which is an intrinsic characteristic of PEEK, and by the surface smoothness of the beads, which 

20 is one of the preferred characteristics of the porous beads of the present invention. 

[0123] Further, the capability of the porous beads to prevent dust generation was also evaluated. 
[0124] The porous beads were packed in a column, and water was passed through the column. Water which had 
passed through the column was subjected to ultrafiltration (molecular weight cutoff: 1 0,000) to catch microparticles on 
an ultrafiltration membrane. The microparticles were analyzed by infrared spectroscopy and identified as PEEK. 

2s [0125] The amount of the microparticles of PEEK which were caught on the membrane was very small. Thus, it is 
apparent that the porous beads suffered substantially no dust generation. 

INDUSTRIAL APPLICABILITY 

30 [01 26] The porous beads of the present invention have various excellent properties, such as high resistance to heat 
and chemicals, and a high capability to prevent dust generation, and by virtue of these excellent properties, the porous 
beads of the present invention can be advantageously used as various carriers for separation of a substance (such 
as a carrier for chromatography and an enzyme-immobilized carrier) and as filter materials and adsorbents in the field 
of water treatments (such as treatment of water used in the field of electronics, for example, in the production of 

3 5 semiconductor chips and the like), clinical equipments, pharmaceuticals and food processing. Especially, the porous 
beads of the present invention have not only a high heat resistance, but also a high resistance to hydrolysis, a high 
capability to prevent dust generation and a high porosity, and exhibit only a small pressure loss and, hence, the porous 
beads of the present invention can be advantageously used as filter materials for treating a heater drainage and the 
like from a nuclear power plant or a thermal power plant, in which the treatment is conducted by contacting the filter 

40 material with the heater drainage to remove impurities, such as ferric components, from the drainage. Further, by the 
use of the method of the present invention, it becomes possible to easily produce not only the above-mentioned porous 
beads of the present invention which have high resistance to heat, chemicals and hydrolysis, but also other porous 
beads having a desired average particle diameter and a desired porosity. 

45 

Claims 

1 . Substantially spherical porous beads of an aromatic polyether ketone resin, which have an average particle diam- 
eter of 50 to 5,000 urn and a porosity of 40 to 99 %. 

50 

2. The porous beads according to claim 1 , wherein said aromatic polyether ketone resin is a thermoplastic, crystalline 
polymer having a glass transition temperature of at least 130 °C. 

3. The porous beads according to claim 1 or 2, wherein said porous beads have all of the following characteristics: 

55 

(1) said porous beads have continuous pores in a three-dimensional network, 

(2) said porous beads are smooth, and 

(3) said porous beads are skinless. 
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A method for producing porous beads, which comprises: 

(a) mixing, while heating, an aromatic polyether ketone resin with a solvent capable of dissolving said resin 
to thereby obtain a resin solution; 

(b) dispersing said resin solution in a liquid dispersion medium which is incapable of dissolving said resin and 
is non-miscible with said solvent, to thereby obtain a dispersion having said resin solution dispersed therein 
in the form of globules; 

(c) cooling said dispersion while maintaining the dispersed form of said resin solution in said liquid dispersion 
medium, to thereby solidify the resin in said resin solution; and 

(d) separating the solidified resin from a mixture of said solvent and said liquid dispersion medium, thereby 
obtaining substantially spherical porous beads of said aromatic polyether ketone resin. 

The method according to claim 4, wherein said mixing of said resin with said solvent in step (a) is performed at a 
temperature of 200 °C or higher. 

The method according to claim 4 or 5, wherein said solvent consists essentially of carbon, hydrogen and oxygen 
atoms. 
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